oral squamous cell carcinoma (oScc) is the most common type of head and neck (H&n) cancers with an increasing worldwide incidence and a worsening prognosis. The abundance of tumour infiltrating lymphocytes (tiLs) has been shown to be a key prognostic indicator in a range of cancers with emerging evidence of its role in oScc progression and treatment response. However, the current methods of tiL analysis are subjective and open to variability in interpretation. An automated method for quantification of TIL abundance has the potential to facilitate better stratification and prognostication of oral cancer patients. We propose a novel method for objective quantification of TIL abundance in OSCC histology images. The proposed TIL abundance (TILAb) score is calculated by first segmenting the whole slide images (WSis) into underlying tissue types (tumour, lymphocytes, etc.) and then quantifying the co-localization of lymphocytes and tumour areas in a novel fashion. We investigate the prognostic significance of TILAb score on digitized WSIs of Hematoxylin and Eosin (H&E) stained slides of OSCC patients. Our deep learning based tissue segmentation achieves high accuracy of 96.31%, which paves the way for reliable downstream analysis. We show that the tiLAb score is a strong prognostic indicator (p = 0.0006) of disease free survival (DFS) on our OSCC test cohort. The automated TILAb score has a significantly higher prognostic value than the manual TIL score (p = 0.0024). In summary, the proposed TILAb score is a digital biomarker which is based on more accurate classification of tumour and lymphocytic regions, is motivated by the biological definition of TILs as tumour infiltrating lymphocytes, with the added advantages of objective and reproducible quantification.
. TILs mainly comprise T lymphocytes which migrate from the blood into the tumour as part of the body's immune 'fight-back-response' . However, it is important to analyse these cells in the correct context. A large number of lymphocytes can be present in inflamed and cancerous tissues and, therefore, it is vital to develop methods to specifically analyse lymphocytes infiltrating the tumour as these are the ones that are likely to be of prognostic significance [11] [12] [13] . These areas can be referred to as the TIL regions where both tumour and lymphocytes are co-localized (as illustrated in Fig. 1 ). Numerous studies have reported the correlation of TIL density with improved overall survival (OS) and longer disease-free survival 14, 15 . It has been shown that the quantification of spatial patterns of TILs in the tumour regions can have prognostic value significantly supplementing or even superseding the TNM staging in certain settings 16, 17 . However, the currently used method of visual TIL quantification is subjective with inter-and intra-observer variability and lack of diagnostic reproducibility 18 . Therefore, it is imperative to develop an automated method for objective quantification of TILs in OSCC to address these challenges.
Digitization of histology slides has recently ignited interest from computer scientists to develop techniques for the automated analysis of digitized multi-gigapixel whole slide images (WSIs) of tissue slides [19] [20] [21] [22] [23] . The approval of digitized WSIs as a primary histopathological diagnosis tool by the US Food and Drug Administration (FDA) 24 has further boosted this interest. The digitization of WSIs offers unique opportunities to quantify vast amounts of information about morphological and spatial architectural patterns in WSIs and to discover novel prognostic and predictive histological markers to potentially improve cancer treatment 25 . For instance, it has recently been shown by Saltz et al. 16 that a digital marker based on TIL spatial patterns carries prognostic significance for multiple cancer tissue types.
In this paper, we present a novel method to obtain an automated TIL abundance score and explore its prognostic significance for Disease Free Survival (DFS) of OSCC patients. The proposed approach, as illustrated in Fig. 2 , comprises of three main components: WSI segmentation into biologically significant tissue phenotypes, identification and quantification of TILs, and their prognostic analysis. First, WSI segmentation into biologically significant tissue phenotypes is modelled as an image patch based tissue classification problem. Different tissue regions such as tumour, lymphocytes, and stroma in the WSI are classified using a deep convolutional neural network (CNN). Second, a tumour -lymphocyte co-localization based binary classifier is developed using statistical co-localization measures for detecting the presence or absence of TILs in OSCC tissue slides. The extent of lymphocytic infiltration, which we term as the TIL Abundance (TILAb) score, in tumour region is quantified by a combination of lymphocyte-to-tumour ratio and their statistical co-localization. Finally, the prognostic significance of the TILAb score for DFS is investigated by employing univariate and multivariate analysis. To the best of our knowledge, there is no existing method for automated quantification of TIL Abundance from digitized WSIs and the downstream analysis of OSCC patient survival. We show that the TILAb score is a strong prognostic indicator of DFS in OSCC patients in agreement with previous findings based on manual TIL quantification 26 . Our main contributions in this paper are as follows:
• A methodology for segmentation of biologically significant regions in OSCC tissue is presented which includes segmentation of tumour areas, lymphocytes, stromal regions, and artefacts in a WSI.
• We propose a novel scoring of TIL abundance, termed as the TILAb score, to quantify the extent of lymphocytic infiltration in the tumour region which is a combination of lymphocyte-to-tumour ratio and their statistical co-localization in a WSI.
• The reproducibility and objectivity of the TILAb score are investigated in two different ways: First, by analyzing the consistency between statistical co-localization based TIL detection and a pathologist's detection. Second, by evaluating the prognostic significance of TILAb score for DFS of OSCC patients. NBC on grounds that the data and images used in the study were already in existence and were collected and reported in an anonymized way ensuring confidentiality of participants. The study did not involve any intervention or interaction with the participants. The research involved no more than minimal risk to the participants and involves no procedures for which written consent is normally required outside of the research context and the waiver did not adversely affect the rights and welfare of the participants.
Materials and Methods
patient selection. Patients with OSCC diagnosed between 2010-11 at SKMCH&RC were selected from the electronic medical records (hospital information system). SKMCH&RC follows a multidisciplinary approach, therefore all patients were treated by both a radiation oncologist and by a H&N surgeon. Cases included both primary and recurrent tumours that underwent complete tumour resection with or without lymph node dissection and for which at least three year survival data were available. After the initial review of data, 60 patients were selected out of 155 oral cancer cases as per the study protocol (see Fig. S2 in the Supplementary Materials).
The cases excluded were those with either an incomplete resection and those where survival follow up was less than 3 years. A final cohort of 60 malignant cases and 10 controls were finalized where the control cases did not suffer from OSCC. Formalin fixed paraffin embedded blocks were retrieved and representative slides from each case were reviewed by the study pathologists (AL and SM) and confirmed to be OSCC. In addition, slides were also reviewed for additional histopathological features such as patterns of invasion, TILs and perineural invasion. For this study, oral cavity cancers were defined as carcinomas of the mouth including lip, tongue, cheeks, floor of the mouth, hard and soft palate, whereas tumours of the salivary glands were excluded. After compilation of the clinical and pathologic information, including American Joint Committee on Cancer (AJCC) 7th edition stage, clinical and pathological information was retrieved from the electronic medical records, as summarized in Table 1 Whole slide image analysis. Whole slide images are multi-gigapixel images and cannot be used directly for image analysis tasks particularly training a deep learning based classifier. Therefore, we divide the WSIs into small regions (patches) for processing. A deep learning based classifier (see next section) is applied on the patches to identify whether the patch contains tumour, lymphocytes or other histological primitives. However, the regions where the lymphocytes are infiltrating the tumour may not be confined within a patch. Besides, there is considerable variation in the size of TIL regions, making the quantification of TILs a non-trivial task. We address this issue by adopting the widely accepted definition of TILs, i.e., lymphocytes that lie in the neighbourhood of tumour areas. The patch labels predicted as lymphocytes or tumour are then used to compute a statistical measure of co-localization, which is further incorporated into the computation of the proposed score of lymphocytic infiltration, i.e. the TILAb score.
Tissue region classifier. A tissue section in a WSI contains many different types of cells and regions, such
as tumour cells, lymphocytes, and stromal regions (i.e. fibroblasts, endothelial cells, blood vessels, muscle, fat and red-blood cells). A WSI may also contain slide preparation and scanning artefacts, such as tissue folding and blurring, which need to be ignored. Therefore, we classify OSCC tissue sections into biologically significant regions. Tumour and lymphocyte rich regions are important for the detection and quantification of TILs. Precise classification of stromal regions along with other lymphocytic regions is necessary to discriminate between TILs and regular lymphocytes that do not lie within the vicinity of tumour regions. The fourth and final class of regions consists of scanning and tissue artefacts, which are labelled as non-regions of interest (Non-ROIs).
We select a reasonably small patch size (128 × 128 pixels at 20×) such that we do not require precise pixel-level tissue segmentation. Figure 3 shows three samples of each of the 4 class labels: tumour, lymphocytes, stroma, and Non-ROIs. Deep learning models have significantly improved the state-of-the-art in many natural image based problems such as visual object detection and recognition 27, 28 28 . We train these networks for tissue classification task to get a strong baseline model. We extracted 400,000 patches for training and 100,000 patches for validation from WSIs. Both training and validation datasets have equal numbers of patches for each class. During training, we leverage online data augmentation with random rotation of 0, 90, 180 or 270 and random flipping. We select the best model of each classifier after training it for at least 125,000 optimization steps with RMSProp optimizer. During testing, the patch classifier takes non-overlapping patches from a WSI and outputs probabilities of all classes for each patch, resulting in a probability map at the WSI level. The probability maps are converted into prediction maps by selecting the class with the highest probability for each patch (Fig. 2) . The prediction map at the WSI level is eventually used for TIL identification and for computation of the TILAb score.
TIL quantification.
Objective quantification of TILs is a non-trivial task as it depends on the co-localization of both tumour and lymphocytic regions. In ecology, co-localization of different species is used to understand their community structure 35, 36 . Tumour and lymphocytes in TIL regions could be considered as two different interacting species in the histological landscape. We consider WSI areas containing tumour and/or lymphocytes www.nature.com/scientificreports www.nature.com/scientificreports/ and investigate the utility of co-localization score of tumour and lymphocytes in the WSI. For this purpose, a WSI is divided into m × n equal sized grids, such that the grid size is greater than the size of input patch for the region classifier. The co-localization score M in terms of the Morisita-Horn 37 index is then defined as follows, where p ij l and p ij t represent the percentage of lymphocytic and tumour regions in the (i, j) th grid-cell, respectively (Fig. 4) . If a grid-cell does not contain any tumour and lymphocytic region, then it would not contribute towards the co-localization score. However, if a grid-cell only contains one type of region, either tumour or lymphocyte, then it only contributes to the denominator of the equation thus results in a relatively small value of the co-localization score. If all the grid-cells contain only unique type of regions, then the co-localization score become zero. This score ranges from 0 to 1 and the score is maximum when each of the grid-cells has exactly the same number of tumour and lymphocyte patches, as shown in Fig. 4 .
We also consider the Shannon diversity index 38 to quantify the co-localization of tumour and lymphocytic regions in a WSI. It computes the diversity of two classes in a given region that is also aligned with the above definition of TILs. For m × n grids of equal sizes in a WSI, the Shannon diversity index, S, is defined as follow, 
where p ij l and p ij t represent the percentage of lymphocytic and tumour regions in the (i, j) th grid-cell. The co-localization computed using Shannon diversity index is relatively smaller in magnitude as compared to the Morisita-Horn index with the maximum value of 0.7 at the maximum co-localization point of tumour and lymphocytic regions (Fig. 5) .
the proposed tiLAb score. The Morisita-Horn and Shannon diversity are two objective and efficient measures for quantification of co-localization. However, these methods give equal importance to all the constituent classes (or species), which consequently results in a symmetric co-localization score (as can be seen in Fig. 5 ). For instance, 20% lymphocytes and 80% tumour in a region will give the same co-localization score as another region consisting of 80% lymphocytes and 20% tumour. However, the lymphocyte proliferation in tumour is considered to be good prognostic indicator for patient survival. Therefore, the symmetric nature of these measures is not ideal for obtaining an objective TIL abundance score of prognostic importance. We proposed the TIL abundance (TILAb) score, T, which is a combination of the lymphocyte-to-tumour ratio and their co-localization, as defined below, where C is a co-localization measure and M or S can be used as a co-localization measure. Right half of the above equation shows the lymphocytes-to-tumour ratio in WSI. We normalize the range of TILAb score between 0 to 1 by dividing it by a factor of 2. The proposed TILAb score objectively quantifies the TILs and its formulation is generic enough to work with both Morisita-Horn and Shannon diversity indices. Figure 5 shows the distribution of TILAb score using Morisita-Horn index based co-localization at different percentages of lymphocytes. It can be seen that both Morisita-Horn and Shannon diversity indices have relatively small values even with high lymphocytic percentage, whereas the TILAb score increases with the increase in lymphocytic infiltration (See Supplementary Section 1). Moreover, TILAb score remains same for different tumour and lymphocyte density with same ratio (See Fig. S3 ).
Survival analysis. The TILAb score based statistical analysis is performed for DFS in order to demonstrate its prognostic significance as an independent biomarker. Kaplan-Meier 39 and Cox proportional-hazards model 40 are used for survival and hazard analyses, respectively. To stratify patients into high-risk (short-term survival) and low-risk (long-term survival) groups, we find an optimal cut-point on the TILAb score value from the modelling subset where the statistical significance of the difference in DFS between the two groups is the largest. Log-rank test based p value is used to assess the statistical significance of the survival stratification observed between cases predicted to be short-term and long-term DFS where p < 0.05 is considered significant. For multivariate analysis, Cox proportional-hazards model is used which simultaneously evaluates the effect of several factors on survival.
We report the hazard ratio along with lower and upper 95% confidence interval. Global statistical significance of the model is measured by the Wald test. Table 2 gives the quantitative performance of these TRCs for multi-class patch level classification on the validation dataset; details of the comparative performance analysis can be found in Table S1 in the Supplementary Materials. Among the five classifiers, MobileNet (TRC-5) shows superior performance as compared to the other networks. It is a light-weight network that leverages separable convolutions to reduce the number of required parameters and computations, resulting in consumption of relatively less memory and computational resources and making it an attractive choice for the processing of multi-gigapixel whole slide images. For evaluation of proposed approach, we used both the best performing (TRC-5) and the least performing (TRC-1) tissue region classifiers for downstream analysis. TIL quantification and TILAb score. The score for co-localization of tumour and lymphocytes for each tissue section is computed using the Eq. (1). The TILAb score at WSI level is also computed according to Eq. (3) and later used for the survival analysis. Figures 7 and S7 show the co-localization scores of different tissue segments in the WSI along with the WSI level TILAb score. For evaluating the TILAb score's performance with manual marking, tissue segments on a WSI are marked for the presence (T + ) and absence (T − ) of TILs by an expert pathologist (SAK). Five different performance measures are used to evaluate the performance of the proposed method, as shown in Table 3 . Co-localization score based on the best performing region classifier (TRC-5) achieved 88.96% Area Under the Curve (AUC). It is pertinent to mention that the least performing region classifier (TRC-1) also performed reasonably well with 87.54% AUC.
Survival analysis. The prognostic significance of TILAb score for DFS is investigated using Kaplan-Meier (KM) curves and Cox hazard analyses by conducting univariate and multivariate analysis of digital, clinical, and pathological parameters. We propose the TILAb score based prognostic model to predict the binary outcome of DFS. The prognostic model finds the optimal cut-off point for TILAb score on the modelling subset and uses that cut-off on the test subset for binary prediction. The proposed TIL quantification method contains one hyper-parameter which is the size of a grid-cell. We experimented with eight different neighbourhood sizes on tissue section to investigate their impact on survival analysis. The size of the smallest grid-cell is 0.28 mm × 0.28 mm and we used a fixed step size of 0.14 mm for increment in grid-cell size, up to the largest grid-cell of size 1.2 mm × 1.2 mm. Table 4 shows that our proposed TILAb score is statistically significant for all sizes with both best and least performing tissue region classifiers (TRC-1 and TRC-5). However, the standard non-normalized Morisita-Horn and Shannon diversity measures show significant results only for the smallest grid-cell size when using the best performing region classifier (TRC-5). This indicates the significance of TILAb score for DFS analysis. Moreover, the high concordance indices (c-indices) of the prognostic models are also evidence of the predictive ability of proposed models. Tables 5 and S2 (in Supplementary Materials) lists the c-index value for both DFS and OS models. Models for DFS achieve high c-index value as compare to the models for OS. On the other hand, models with different colocalization methods (TILAb-MH, TILAb-SD) show similar results within DFS and OS. Kaplan-Meier curves in Fig. 8 show that the proposed TILAb score is significantly associated with long term (low risk) DFS of OSCC patients (p = 0.00062). However, the lymphocytic percentage in a WSI without any correlation with tumour does not show any statistical significance. The proposed digital TILAb score has higher statistical significance as compared to the manual TIL score given by expert pathologists (SM and AL) after visual inspection. Kaplan-Meier curves for other clinical and pathological parameters are shown in Fig. S8 . Fig. 9 . We employed Cox proportional hazards method for univariate analysis for both quantitative and categorical predictor variables. The clinical parameters do not show any significant www.nature.com/scientificreports www.nature.com/scientificreports/ correlation with DFS, with the confidence interval range of hazard ratios (lower and upper 95% bounds) being quite large, except for age. The pathological parameters show better association with DFS as compared to clinical parameters especially tumour grade and manual quantification of TILs. Among digital scores, the proposed TILAb score is shown to be statistically significant (p = 0.0065) with hazard ratio of 0.0001 (1.446 × 10 7 − 0.0769). We also investigate the prognostic value of the TILAb score in the context of other pathological parameters such as grade, stage and patterns, as shown in Table 6 . For this purpose, we conduct the multivariate Cox proportional hazards analysis using the TILAb score adjusted by other histological features, as shown in Table 6 . TILAb score is significant when combined with pathological features. Additionally, TILAb score is also significant when combined with grade, stage or pattern.
Discussion and conclusion
The presence of lymphocytes in the vicinity of tumour cells has been reported to carry high prognostic value 14, 15 . Quantification of TILs can not only significantly supplement the clinical cancer staging information but could be used as an accurate predictor of disease progression [8] [9] [10] . The abundance of TILs in a tissue slide (or its digitized WSI) indicates the host immune response against cancer and/or response to treatment. The density and spatial arrangement of TILs is correlated with improved overall survival (OS) and longer DFS. However, the manual quantification of TIL abundance is subjective, leading to inter-/intra-observer variability and lacking diagnostic reproducibility.
We propose a deep learning based approach for identification and quantification of TILs in OSCC cases. A digital score of TIL Abundance is computed and its prognostic potential is investigated for DFS in OSCC patients. The biologically significant regions in tissue such as tumour, lymphocytes, and stroma are classified using convolutional neural network. Several techniques are available in literature for detection and classification of histological structures in WSI images 19, [41] [42] [43] [44] [45] . However, very few are used for downstream prognostic analysis for DFS. In this study, the results of tumour and lymphocytic region classification are used to compute the TIL abundance score (TILAb) followed by its evaluation as a prognostic marker. For tissue region classification, we experiment with different state-of-the-art CNN based image classifiers. We have chosen the classifiers giving the Table 5 . C-Indices (with 95% CI) of TRC-1 and TRC-5 based prognostic models for DFS at different grid-cell sizes (smallest to largest). Detection of clinically significant histopathological regions is followed by the detection and quantification of TILs. In this regard, Saltz et al. 16 have studied the correlation between TIL spatial organization and molecular characteristics in histology images. They have used CNN for detection of lymphocytes in tissue regions, which they referred to as TILs. In contrast, we considered only those lymphocytes as TILs that have infiltrated into (or are co-localized with) tumour regions. Moreover, Saltz et al. used affinity propagation algorithm to identify/ quantify the local spatial patterns in the detected lymphocytes for survival analysis. In this work, the infiltration of lymphocytes in the tumour region is quantified by employing normalized versions of statistical co-localization 47 have reported the immune-cancer co-localization as a prognostic factor for breast cancer. Nawaz et al. 48 have used hotspot analysis to identify the statistically significant hotspots of cancer and immune cells. Both of the above studies used handcrafted feature-based machine learning methods for identification of tumour and immune cell areas. In contrast, we have used a deep learning based approach for identifying tumour and lymphocyte rich regions at patch level which have been shown to be more accurate. Moreover, the normalized TIL abundance score is computed as a combination of lymphocyte-to-tumour ratio and their statistical co-localization in a WSI. In summary, the proposed TILAb score is a digital biomarker which is based on more accurate classification of tumour and lymphocytic regions, is motivated by the biological definition of TILs as tumour infiltrating lymphocytes, and is objective and reproducible.
Scientific RepoRtS
The prognostic significance of this score for DFS is investigated by employing univariate and multivariate analyses using clinico-pathological parameters. We analyse the prognostic significance of the TILAb score using Cox proportional hazard model. The TILAb score shows good statistical significance in both univariate (Table 4) and multivariate (Table 6 ) analyses (p < 0.05). Therefore, the TILAb score can be used as an independent prognostic parameter in OSCC patients. The Kaplan-Meier curves showed the ability of TILAb score to stratify patents into long-term (low risk) and short-term (high risk) DFS (p = 0.0006). Although the main focus of the paper is on DFS, besides DFS the prognostic significance of TILAb score for overall survival is also investigated. The Kaplan Meier curves are shown in Fig. S9 in the supplementary material which illustrates that the TILAb score gives good separation for overall survival too. To highlight the independence of the proposed model on initial image selection, the 3-fold cross validation with random initial image selection is used for DFS. The KM curves and associated p-values, shown in Fig. 10 , illustrate that the proposed models (TRC-1 and TRC-5) are prognostically significant for different sets of training and test splits. Moreover, to show the robustness of our method, the C-indices (with 95% confidence intervals) of prognostic models for disease free survival and overall survival are also computed and shown in Tables 5 and S2 respectively. The results of the proposed method are also in agreement with previous findings based on manual and immunohistochemistry based TIL quantification 26, 49, 50 in OSCC. Fang et al. 50 analysed the prognostic significance of tumour infiltrating immune cell in OSCC. The immune cells were identified by their specific markers (CD8, CD4, T-bet, CD68 and CD57). High CD8 (T-cells) and CD57 (NK-cell) expression were significantly associated with longer survival.
Hematoxylin & Eosin staining is routinely used in pathology labs around the globe in clinical practice for cancer diagnostics. Automated methods for extracting information related to TILs from the whole slide images can help in treatment planning according to the immune response. The proposed framework for automated quantification of TILs, computation of their abundance score, and its prognostic analysis of patient survival using OSCC histology images is the first of its kind. Even though the total number of cases involved in this study is limited (n = 70), some other studies have reported results on smaller cohorts 51 (n = 48) or using tissue microarrays 52 (TMAs), which contain much smaller snapshots of tumour /lymphocytes characteristics as compared to the whole slide images. Having said that, the results of this study need to be cross-validated on data from large multi-centric patient cohorts before they can be adopted in clinical practice.
In addition to the application to cancer resections and information about future behaviour, our proposed TILAb score can be applied to the initial biopsy specimen undertaken before surgical resection or chemoradiotherapy. A biopsy and histological assessment is the gold standard for pre-operative diagnosis and a prerequisite for staging. As part of this assessment, pathologists report the presence/absence and comment on the density of the host lymphocytic response. The TILAb score can provide an objective quantification on this initial biopsy providing vital information about prognosis to the clinical team with the potential to guide treatment decisions and risk stratification. Table 6 . Multivariate analysis of TILAb score along with other clinical parameters. TILAb score is computed with the Morisita-Horn as co-localization measure on TRC-5 predictions, while the p-value is computed using the Wald test. 
